We discuss ways to probe the origin of neutrino masses at the Energy and Intensity frontiers, in TeV-scale Left-Right seesaw models where small neutrino masses arise via type-I seesaw mechanism. We consider generic ('vanilla') version of such models as well as a version which leads to 'large' lightheavy neutrino mixing while keeping the neutrino masses small in a natural manner. We point out specific observable implications of these classes of models at the LHC as well as in searches for lepton flavor violating processes such as µ → eγ and µ → 3e, and also in searches for lepton number violating neutrinoless double beta decay.
I. INTRODUCTION
The neutrino oscillation data unambiguously establish that neutrinos have tiny but non-zero masses as well as mixing between different flavors. Their understanding requires physics beyond the Standard Model (SM) since the SM predicts vanishing masses for neutrinos and hence no mixing. As the origin of mass for all charged fermions in the SM has now been clarified by the discovery of the Higgs boson, an important question is where does the neutrino mass come from. If we simply add three righthanded (RH) neutrinos (ν R ) to the SM, one can write a Yukawa coupling of the form
where
T L (with i = e, µ, τ ) is the SU (2) L lepton doublet, and φ = (φ + , φ 0 ) T is the SM Higgs doublet. After electroweak symmetry breaking via the Higgs vacuum expectation value (vev) φ = (0, v) T , this gives a Dirac mass to the light neutrinos: m ν = h ν v. To get sub-eV neutrino masses, it requires h ν 10 −12 which is an unnaturally small number. So the strong suspicion among theorists is that there is some new mechanism beyond the SM which gives mass to the neutrinos in conjunction with the standard Higgs mechanism. This will also be a clue to the nature of physics beyond the SM.
A simple paradigm for small neutrino masses is the (type-I) seesaw mechanism [1] where the RH neutrinos alluded to above have a Majorana mass, in addition to having a Dirac mass like all charged SM fermions. Neutrinos being electrically neutral allow for this novel possibility making them different from the charged fermions and this might be at the root of such diverse mass and mixing patterns. This leads to the seesaw matrix with the following generic form in the (ν L , ν R ) space:
where m D mixes the ν L and ν R states and is generated by the SM Higgs mechanism, whereas M ν R is the Majorana mass for ν R which embodies the new neutrino mass physics. In the usual seesaw approximation m D M ν R , where M ≡ Tr(M † M ), the mass matrix for the light neutrinos is given by [1] 
and a mixing between the heavy and light neutrinos of order
ν R [2] . From (2) , it is clear that there are two key aspects to the seesaw mechanism, i.e., the Majorana character of neutrino masses and the heavy-light neutrino mixing, that can be tested experimentally. A classic way to test the Majorana nature of both the light and heavy neutrinos is via neutrinoless double beta decay (0νββ) searches [3] . However, this may not necessarily probe the heavy-light mixing since these mixing effects on 0νββ amplitude could be sub-dominant compared to those from purely LH or RH currents. The presence of heavylight mixing can be explicitly searched for via departures from unitarity of the light neutrino mixing matrix [4] in neutrino oscillation data as well as other low energy experiments (e.g., charged lepton flavor violation and leptonic CP violation searches) at the Intensity frontier [5] . But these observables do not prove the Majorana nature of heavy neutrinos since models with pseudo-Dirac neutrinos could also give rise to large non-unitarity effects [6] . On the other hand, both the Majorana nature and heavy-light mixing could manifest simultaneously at the Energy frontier via their distinct collider signals [7] , thus giving complementary information to what is obtained from the low energy searches. Our goal in this paper is to explore this synergy between the Energy and Intensity frontiers which might provide a decisive test of the seesaw mechanism as the origin of neutrino masses and mixing. A necessary requirement for this exploration to have any chance of success is that the seesaw scale be at most in the TeV range and the heavy-light mixing be relatively large. With this in mind, we discuss a class of models where these two requirements are satisfied in a somewhat natural manner.
A natural class of models that provide an ultra-violet completion of seesaw is the Left-Right (L-R) symmetric theory of weak interactions based on the gauge group [8] , where the main ingredients of seesaw, i.e. the RH neutrinos and their Majorana mass, appear naturally as follows: the RH neutrinos along with the RH charged leptons are assigned in a parity-symmetric way to the SU (2) R doublets
The RH neutrinos are therefore a necessary part of the model and do not have to be added adhocly just to implement the seesaw mechanism. They acquire a Majorana mass as soon as the SU (2) R ×U (1) B−L symmetry is spontaneously broken at a scale v R . This is quite analogous to the way the charged fermions get mass as soon as the SM gauge symmetry SU (2) L × U (1) Y is broken at a scale v. The Higgs field that gives mass to the RH neutrinos becomes the RH analog of the SM Higgs boson. Thus the seesaw scale (synonymous with the RH neutrino mass) becomes intimately connected to the
Since L-R symmetric theories lead to new effects or add new contributions to already known low energy weak processes, it is necessary to know whether TeVscale SU (2) R -breaking is compatible with observations of low energy processes. It turns out that hadronic flavor changing neutral current effects such as K and K L − K S , B S − B S mixing receive significant contributions from RH charged current effects and therefore provide the most stringent constraints on v R by restricting the mass of the RH charged gauge boson W R to be M W R ≥ 2.5 TeV [9] . Since at the Energy frontier the LHC energy goes up to 14 TeV, the L-R model as a theory of neutrino mass can be probed as long as M W R is below 5 -6 TeV [10] . There are also low energy tests of the model in the domain of leptonic physics such as the lepton flavor violating (LFV) µ → eγ and µ → 3e processes which are the focus of the Intensity frontier. Thus TeV scale L-R models provide a synergy between the Energy and Intensity frontiers.
This article is organized as follows: in Section II, we give a brief overview of the generic TeV scale L-R models (model A) for seesaw mechanism. In Section III we describe a scenario (model B) where the Dirac mass matrix that goes into the seesaw formula has a specific texture that guarantees that neutrino masses are naturally small and the heavy-light mixing V N is 'large' enough to give new effects at the LHC and in LFV processes. In Section IV, we give the implications of both models A and B for LHC searches via W R effects; in Section V, we present their implications for LFV, and in Section VI for 0νββ. Our conclusions are given in Section VII.
II. MINIMAL TEV LEFT-RIGHT SEESAW MODEL
In the minimal L-R model, the fermions are assigned to
T and ψ ≡ (ν , ) T as the quark and lepton doublets respectively, we assign Q L and ψ L (also denoted by L) as the doublets under the SU (2) L group, while Q R and ψ R (also denoted by R) are the doublets under the SU (2) R group. The Higgs sector of the model consists of one or several of the following multiplets:
The gauge symmetry
There is also an LH counterpart (∆ L ) to ∆ R which we do not consider here. There are versions of the model where parity and SU (2) R gauge symmetry scales are decoupled so that the ∆ L fields are absent from the low energy domain [11] . We will focus on this class of models here. The vev of the φ field given by φ = diag(κ, κ ) breaks the SM gauge group to U (1) em .
To see how the fermions pick up mass and how seesaw mechanism arises, we write down the Yukawa Lagrangian of the model: (5) where i, j stand for generations and a for labeling Higgs bi-doublets, andφ = τ 2 φ * τ 2 (τ 2 being the second Pauli matrix). After symmetry breaking, the Dirac fermion masses are given by the generic formula M f = h f κ + h f κ for up-type fermions; for down quarks and charged leptons, it is the same formula with κ and κ interchanged. Thus we get the Dirac mass matrix for neutrinos m D = h κ +h κ and the Majorana mass matrix for the heavy RH neutrinos M ν R = f v R which go into (2) for calculating the neutrino masses and heavy-light neutrino mixing.
In generic TeV scale seesaw models, i.e. without any special structure for m D , we must fine-tune the magnitude of m D to be very small: m D ∼ MeV for M ν R ∼ TeV in order to get small neutrino masses. As a result, the seesaw structure (2) implies that the heavy-light mix-
. This suppresses all heavy-light mixing effects to an unobservable level. We will call this the generic ('vanilla') L-R seesaw model (or model A).
III. MODELS WITH ENHANCED HEAVY-LIGHT NEUTRINO MIXING: MODEL B
As discussed above, for generic forms of m D and M ν R , the heavy-light mixing parameter V ν R M ν (f v R ) −1 is a tiny number regardless of whether the seesaw scale is in the TeV range or higher. This keeps its effect shielded from being probed at either Energy or Intensity frontier. However, there are some special textures for m D for which even with TeV-scale seesaw, the mixing parameter V ν R can be significantly enhanced whereas the neutrino masses remain naturally small. We present only one example here to illustrate our case, although several others have been discussed in the literature [12] . Consider the matrices m D and M ν R of the following form:
with i , δ i a, b, c. In the limit of i , δ i → 0, the neutrino masses vanish, although the heavy-light mixing given by V ν R,i = m/M i (with m = a, b, c) can be quite large. The neutrino masses given by the seesaw formula (3) become proportional to the products of i and δ i . If by some symmetry one can guarantee the smallness of δ i and i , then we have a TeV scale seesaw model with enhanced V ν R . These mass textures can be embedded into L-R models and have been shown to reproduce observed neutrino masses and mixing [13] . This is a highly non-trivial result since in L-R models the charged lepton mass matrix and the Dirac neutrino mass matrix are related, especially when there are additional discrete symmetries to guarantee the form of the Dirac mass m D given in Eq. (6) . These models have important phenomenological implications for collider signals, LFV effects, non-unitarity of the PMNS mixing matrix, etc. These considerations can reveal underlying symmetries of the lepton sector, which will be an important step towards a full understanding of the seesaw mechanism. We will call this the model B, and discuss in the following sections the implications of these scenarios for colliders and other low energy processes. Note that while we have presented only one example of such non-generic Dirac mass matrix in Eq. (6), our following results are derived in a model-independent phenomenological approach without restricting to a particular texture, and are also applicable to other Dirac textures discussed in literature [12] . Henceforth, we will generically take the heavy neutrino masses M ν R,i to be M N and the mixing V ν R,i to be V N , and treat these two as free parameters.
IV. COLLIDER SIGNATURES OF TEV SCALE LEFT-RIGHT SEESAW
There exist limits on the seesaw parameters M N and V N from various low energy experiments as well as from LEP for M N < M Z [7] . With the recent LHC Higgs data, these limits have been extended to M N ≤ 200 GeV [14] . As far as the direct collider test of seesaw is concerned, we need a suitable combination of the Majorana mass M N and mixing V N which gives the 'smoking gun' signal of same-sign dilepton plus two jets without missing energy ( ± ± jj) at the LHC [15] . In the absence of L-R symmetry, this signal depends crucially on the heavy-light neutrino mixing (see Fig. 1a ) and can effectively probe the heavy neutrino masses M N only up to 300 GeV or so for V N ≥ 0.01 [16] . It must be stressed that any positive signal would not only signify the Majorana character of the heavy neutrino ν R but also the non-generic structure of m D for reasons discussed in Sections II and III.
In the L-R symmetric embedding of TeV scale seesaw, the presence of RH gauge interactions could lead to significant enhancement for ± ± jj signal, from W R -mediated production and decay of N (Fig. 1b) as was first pointed in [15] and from a combination of V N and W R (Fig. 1c) as recently pointed out [17] . In addition, there are new contributions to 0νββ from W R exchange [18] as well as new LFV effects [19] [20] [21] . In this section, we explore the collider prospects, and in subsequent sections, we will discuss other low energy prospects of TeV L-R seesaw.
Important for the collider discussion is the relative value of M W R and M N . There are theoretical arguments based on vacuum stability which suggest that the heavy neutrinos in the minimal L-R seesaw models are lighter than the RH gauge bosons [22] for a large range of model parameters. We will therefore consider this mass ordering in this paper, although going beyond the minimal version, one could avoid this restriction. A major implication of this is that for RH gauge boson masses below 5 -6 TeV, when it can be produced at the √ s = 14 TeV LHC with an observable cross section, its direct decay to on-shell RH neutrinos, which subsequently decay to the SM W L -boson and charged leptons, will allow a probe of the heavy-light neutrino mixing for a wider mass range of up to a few TeVs from a study of dilepton plus two jet final states [17] . This recent result is discussed in somewhat details in the following two subsections.
A. The Left-Right Phase Diagram
There are four classes of Feynman diagrams in L-R symmetric models which can lead to the ± ± jj final states (Fig. 1) . We denote them as (a) RR, (b) LL, (c) RL, and (d) LR, according to the chirality of the final state lepton-pair. The most widely studied of these are the LL and RR diagram in Fig. 1a and Fig. 1b respectively, the first in the context of simple seesaw [16] and the second in L-R models [15, 23] . The channel in Fig. 1a is a clear probe of the seesaw matrix even in the absence of L-R symmetry, although its effectiveness solely relies on the largeness of the heavy-light neutrino mixing. This channel was used to probe the mass range M N = 100 -300 GeV at the LHC [24, 25] , and direct upper limits on |V N | 2 of order 0.01 -0.1 have been set from the √ s = 7 TeV LHC data. These limits could however be significantly improved (by about 50%) if we include the infrared-enhanced production processes for the heavy neutrinos [26] . In the case of Fig. 1b , the heavy neutrinos are produced on-shell via the decay of W R and subsequently decay into a three-body final state via an off-shell W R . Using this channel, LHC exclusion limits were derived in the M N -M W R plane [27, 28] , excluding M W R up to 2.5 TeV for a TeV-scale M N . Note that these limits are independent of the Dirac neutrino Yukawa coupling characterizing the mixing between the LH and RH neutrinos and therefore do not probe the seesaw matrix.
The contributions in Fig. 1c and Fig. 1d , on the other hand, necessarily involve the heavy-light neutrino mixing and are clear probes of seesaw matrix. As has been shown recently [17] , for a sizable fraction of the allowed parameter space, the RL channel shown in Fig. 1c gives the dominant contribution to the heavy neutrino signal.
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Using this information, in combination with the existing experimental bounds, improved constraints on the mixing parameter have been derived [17] which can become substantially better than those derived from the LL channel alone as we increase the heavy neutrino mass and/or center of energy at the LHC.
The regions of dominance for various contributions discussed above are shown in Fig. 2 (the 'L-R phase diagram') for two typical choices of the heavy neutrino mass M N = 100 GeV and 1 TeV. The different shaded regions show the dominant contributions from RR, RL, and LL channels respectively to the ± ± jj signal at partonlevel. Note that the other remaining possibility, namely, the LR contribution (Fig. 1d) , is doubly suppressed by the mixing as well as phase space, and hence, always smaller than one of the other three contributions shown here. The RL dominance clearly spans a wide parameter space of the model, and in particular, it can go all the way down to |V N | ≥ 10 −5 , close to the 'vanilla' seesaw expectation of M ν /M N . Thus combining collider studies with fitting the neutrino oscillation data using Eq. (2) which also depends on heavy-light mixing and heavy neutrino mass scale can play a decisive role in testing TeV L-R seesaw models at the Energy frontier.
B. Prospects for improved Collider Limit on the Heavy-Light Neutrino Mixing
As an immediate consequence of our results discussed above, we can derive improved collider limits on the heavy-light neutrino mixing compared to the existing limits [24, 25] which were obtained from √ s = 7 TeV LHC data assuming the inclusive signal cross section for the LL mode alone. For the range of mixing parameter being constrained here, the RL contribution is in general dominant and the total (LL+RL) inclusive cross section is larger thus yielding a stronger limit on the mixing parameter. To be more precise, for an experimentally observed limit on the signal cross section σ expt , we can infer the following: (i) the (M N , M W R ) plane for which σ RL ≥ σ expt is ruled out, and (ii) for σ RL <σ LL < σ expt whereσ LL ≡ σ LL /|V N | 2 is the normalized LL cross section, the new limit on the mixing parameter will be
which is obviously stronger than that derived assuming σ RL = 0. For instance, using the observed cross section limit for √ s = 7 TeV from the ATLAS analysis [25], we obtain using Eq. (7) the upper limit on |V N | 2 to be 0.0095 (0.1614) at M W R = 2.5 TeV and M N = 100 (300) GeV, compared to the existing limit of 0.01 (0.18) [25] . We expect this improvement to be much more prominent for higher values of M N and/or at √ s = 14 TeV LHC. For illustration, assuming the expected upper limit on the signal cross section for √ s = 14 TeV to be smaller than the observed limit for √ s = 7 TeV, we obtain the following conservative upper limit on |V N | 2 for M N = 100 GeV: 1.2 × 10 −3 from the LL channel only, compared to 4.6 (9.3)×10 current best limits on the heavy-light neutrino mixing for the muon and tau sectors come from electroweak precision data:
at 90% C.L. [31] , whereas for the electron sector, the limit derived from the recent 0νββ search results is more stringent: [32] .
Once the ± ± jj signal is observed at the LHC, it is important to distinguish between the various modes shown in Fig. 1 which can be used to prove the existence of a low-scale L-R symmetry. Two useful kinematic variables for this purpose are the dilepton invariant mass distribution and the angular correlation between the final-state charged leptons. Simulation results discussed in [17] are shown in Fig. 3 , after implementing the realistic cuts from existing experimental analyses and taking into account the detector effects.
V. LEPTON FLAVOR VIOLATION CONSEQUENCES
In the 'vanilla' as well as the special class of TeV scale L-R seesaw models discussed above, the LFV processes receive new contributions from the RH currents. In the minimal SM-seesaw case, the only class of graphs that lead to enhanced LFV signal (e.g., in µ → eγ process) arises from heavy-light mixing in second order and involves the W L exchange [33] (see Fig. 4a ). In cases where m D has special forms that lead to large V N , it has been noted that BR((µ → eγ) can be as large as 10 −13 for M N ≤ 200 GeV, whereas BR(τ → µγ) can be as large 10 −9 [13, 34] . All these are in the observable range of current and planned experiments [35, 36] .
In the L-R model, new contributions to µ → eγ can arise from different sources depending on the details of the model. In the 'vanilla' model (model A), the W R -N virtual state (see Fig. 4b ) gives a new contribution which scales like M −8 W R in the branching ratio [19] : where s R , c R are the mixings in the RH charged leptonic current interaction. The interesting aspect of this diagram is that it only depends on the mixings in the RH charged current interaction with W R in a manner analogous to the well known GIM mechanism [37] in the SM. In particular, it is independent of observed neutrino mixings. For a hierarchical RH neutrino spectrum with M N2 = 1 TeV M N1 and for maximal mixing angle θ R = π/4, the current upper limit on BR(µ → eγ) < 5.7 × 10 −13 at 90% CL [35] implies that M W R > 3.4 TeV. When BR(µ → eγ) is searched down to 10 −16 level [36] , it can probe M W R up to 10 TeV. Thus if there are no flavor symmetries endowing special structure to the RH neutrino mass matrix, this can be a potent way to shed light on this class of TeV seesaw models.
Other contributions to µ → eγ process come from the scalar sector of the L-R model involving ∆ ++ R fields in the loop [20] :
This has been calculated for model A under certain assumptions in [38, 39] and the current MEG limit [35] implies a lower bound on M ∆ ++ ≥ 1.7 TeV for RH charged current mixing ∼ 0.01. In model B discussed in Section II, where all RH neutrino masses and mixing angles are fixed by the neutrino mass fit, we estimate this contribution to BR(µ → eγ) to be ∼ 3×10 −15 for M ∆ ++ 1 TeV and M W R 5 TeV [13] .
Other LFV processes such as µ to e conversion and µ → 3e also receive several new contributions in the TeV L-R model. For instance, the µ → 3e process gets contributions from a photon mediated one loop graph for µ → eγ in Fig. 4 with a virtual γ, loop box graphs with W R and N virtual states plus a tree-level graph involving the exchange of ∆ ++ R,L states. The generic formula for the tree-level ∆ graph is given by [21] BR(µ → 3e) 1 2
In model B, since the neutrino mass fit fixes all the parameters of the model except M W R and M ∆ ++ , for M W R = 3 TeV and M ∆ ++ R = 1 TeV, we predict BR(µ → 3e) 3 × 10 −13 which is only a factor of 3 smaller than the current upper bound [40] . This could be used as a test of the model B in [13] .
VI. IMPLICATIONS FOR NEUTRINOLESS DOUBLE BETA DECAY
In this section, we discuss tests of the TeV L-R seesaw model in 0νββ process. Since in L-R seesaw models both the light (ν e ) and heavy neutrinos (N ) are Majorana fermions, they break lepton number by two units and lead to the classic 0νββ process (A, Z) → (A, Z+2)+ e − + e − [3] . The first contribution to this process comes from the well known light neutrino exchange and the amplitude A 0νββ is proportional to G There are also other contributions of similar order of magnitude coming from ∆ ++ R exchange [42] . Using the recent experimental limits, one can derive the following lower bound on the mass of ∆ 
Note that the LFV constraints seem to imply M N /M ∆ ≤ 0.1 [39] . Similarly for large heavy-light mixing, the socalled λ-and η-diagrams [43] could contribute significantly to 0νββ [44] , and must be taken into account in a complete analysis. As the search for 0νββ becomes more and more sensitive in near future, it will probe a wider range parameters of the TeV L-R seesaw model. It turns out that due to the particular structure of the RH neutrino mass matrix in model B, the 0νββ process is suppressed [13] and is about an order of magnitude (in amplitude) beyond the reach of current experiments.
VII. CONCLUSION
We have given a brief overview of the possible ways to further explore the TeV Left-Right seesaw model and thereby shed light on the origin of neutrino masses both at the Energy frontier (LHC) and at the Intensity frontier. We have emphasized a recently noted new contribution to the smoking gun collider signals of TeV-scale L-R seesaw coming from the heavy-light neutrino mixing contribution (called RL in the text) which can dominate over the usually discussed right-handed and left-handed charged current contributions. Probing this new contribution at the LHC can provide crucial information about the detailed nature of the seesaw mechanism. We also discuss a class of models where such enhanced heavylight neutrino mixings can arise. The generic and special TeV scale L-R seesaw models also have a plethora of new tests at the Intensity frontier, as higher intensity of lepton sources come online. These tests including searches for various charged lepton flavor violating processes such as µ → eγ and µ → 3e as well as for the lepton number violating process 0νββ will improve our knowledge about the L-R symmetric realization of seesaw at the TeV scale.
